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ARTICLE INFO ABSTRACT

Handling Editor: Marti Nadal Drinking-water quality is a rising concern in the United States (US), emphasizing the need to broadly assess
exposures and potential health effects at the point-of-use. Drinking-water exposures to per- and poly-fluoroalkyl

Keywords: substances (PFAS) are a national concern, however, there is limited information on PFAS in residential tapwater

Per- and polyfluoroalkyl substances at the point-of-use, especially from private-wells. We conducted a national reconnaissance to compare human

Drinking-water

Publi | PFAS exposures in unregulated private-well and regulated public-supply tapwater. Tapwater from 716 locations
ublic-supply

Private-wells (269 private-wells; 447 public supply) across the US was collected during 2016-2021 including three locations

Sources where temporal sampling was conducted. Concentrations of PFAS were assessed by three laboratories and

Health effect compared with land-use and potential-source metrics to explore drivers of contamination. The number of indi-
vidual PFAS observed ranged from 1 to 9 (median: 2) with corresponding cumulative concentrations (sum of
detected PFAS) ranging from 0.348 to 346 ng/L. Seventeen PFAS were observed at least once with PFBS, PFHxS
and PFOA observed most frequently in approximately 15% of the samples. Across the US, PFAS profiles and
estimated median cumulative concentrations were similar among private wells and public-supply tapwater. We
estimate that at least one PFAS could be detected in about 45% of US drinking-water samples. These detection
probabilities varied spatially with limited temporal variation in concentrations/numbers of PFAS detected.
Benchmark screening approaches indicated potential human exposure risk was dominated by PFOA and PFOS,
when detected. Potential source and land-use information was related to cumulative PFAS concentrations, and
the number of PFAS detected; however, corresponding relations with specific PFAS were limited likely due to low
detection frequencies and higher detection limits. Information generated supports the need for further assess-
ments of cumulative health risks of PFAS as a class and in combination with other co-occurring contaminants,
particularly in unmonitored private-wells where information is limited or not available.

1. Introduction in the United States (US) because of population-driven water demands,
increasing contamination of drinking-water resources, and a growing
The quality and sustainability of drinking-water are rising concerns understanding of potential human-health consequences associated with
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exposures to contaminants. Per- and poly-fluoroalkyl substances (PFAS),
“forever chemicals,” are a class consisting of thousands of substances
(Gliige et al., 2020) that are national/global human-health concerns due
to environmental prevalence and persistence, toxicity, and human ex-
posures through water and food (Evich et al., 2022; Sunderland et al.,
2019; Tokranov et al., 2021). Legacy long-chain perfluoroalkyl acids
(PFAAs) include perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS), which are historically two of the most widely used and
studied chemicals in the PFAS group (Tokranov et al., 2021). Due to
their persistence, toxicity and bioaccumulation potential, actions have
been taken voluntarily by industries and regulators worldwide to reduce
the release of PFAAs including PFOA, PFOS and perfluorohexane sul-
fonic acid (PFHxS) (Butenhoff et al., 2009; Wang et al., 2015; Wang
et al., 2013). Legacy PFAAs have been replaced by shorter chain ana-
logues (C3-C6) such as perfluorobutanoic acid (PFBA), perfluorobutane
sulfonic acid (PFBS), and perfluorohexanoic acid (PFHxA) as well as
perfluoroether carboxylic acids (Bao et al., 2018; Li et al., 2020; Wang
et al.,, 2015). These replacement PFAS are considered less bio-
accumulative but still have the potential to persist in the environment
and are quickly becoming the dominant PFAS in aquatic ecosystems
(Wang et al., 2015; Wang et al., 2013). For example in chemical and
product manufacturing in the US, two of the replacement products for
PFOA and PFOS are the hexafluoropropylene oxide dimer acid (HFPO-
DA or GenX) and PFBS, respectively (U.S. Environmental, 2022a).

PFAS are also widely-documented in human plasma (Hu et al., 2019)
and can be maternally transferred pre- and post-natal (Bach et al., 2016;
Blake and Fenton, 2020). Some PFAS have also been linked with human
developmental, metabolic, and immune disorders as well as certain
types of cancers (Barry et al., 2013; Grandjean and Budtz-Jgrgensen,
2013; Liu et al., 2018). Potential pathways to drinking-water resources
are diverse, including biosolids application, outdoor products (e.g., ski
waxes), industrial releases, firefighting foams, and discharges from
wastewater treatment, septic, stormwater, and landfill systems (Houtz
et al., 2013; Kurwadkar et al., 2022; Masoner et al., 2019; Masoner et al.,
2020; Salvatore et al., 2022; Sims et al., 2022). PFAS have been detected
globally in surface and groundwater drinking-water resources (Evich
et al., 2022) and in public drinking-water supplies prior to distribution
(Andrews and Naidenko, 2020; Domingo and Nadal, 2019; Hu et al.,
2016; McMahon et al., 2022).

In the US, publicly-available large national (e.g., U.S. Environmental
Protection Agency’s Third Unregulated Contaminant Monitoring Rule
(UCMR3) (U.S. Environmental Protection Agency, 2022b) and state-
specific databases comprise results from samples collected from public
drinking-water treatment plants after treatment and prior to distribu-
tion, an approach which does not account for distribution-system
changes that can affect consumer exposures at the tap (e.g., (Chen
etal.,, 2019; Li et al., 2022; Mohammadi et al., 2022). Currently, limited
information exists on drinking-water PFAS concentrations at the point of
exposure (i.e., point-of-use tapwater) in public-supply and especially in
unregulated and generally unmonitored private-wells. Private-well
owners make up about 13-14% of the US population (Dieter et al., 2018)
and previous research has documented a range of contaminant concerns
in unregulated/unmonitored private-well drinking-water (Bradley et al.,
2021a; Charrois, 2010; Focazio et al., 2006). Because the burden of
private-well maintenance and monitoring falls on the owner (U.S.
Environmental Protection Agency, 2023c), private-well water quality
information remains scarce and typically is limited to only a few con-
taminants (e.g., coliform bacteria), due to high analytical costs, confu-
sion of aesthetic quality (taste, odor) with safety, and a range of
socioeconomic factors (Seltenrich, 2017; Zheng and Flanagan, 2017).
This circumstance leads to the increased probability of unrecognized
contaminant exposures (Zheng and Flanagan, 2017) and adverse health
effects to private-well dependents (American Academy of Pediatrics,
2009) and illustrates the continued need for comparable assessments in
both private-wells and public-supply at the point-of-use. For PFAS, such
assessments are essential for quantifying population-level drinking-
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water exposures, identifying at-risk or contaminated water sources or
systems, and determining potential human-health implications, espe-
cially for vulnerable subpopulations (Andrews and Naidenko, 2020).

PFAS regulations are changing rapidly in the US as a growing num-
ber of increasingly strict state and federal drinking-water guidelines/
benchmarks have been established over the last 20 years (Interstate
Technology Regulatory Council, 2022; Post, 2021; U.S. Environmental
Protection Agency, 2023b). However, there currently are no final
enforceable national drinking-water standards (e.g., maximum
contaminant level [MCL]) for PFAS in the US and some states over the
last few years have adopted their own enforceable MCLs for several
PFAS (Interstate Technology Regulatory Council, 2022). In March 2023
U.S. Environmental Protection Agency (EPA) released, for public
comment, proposed MCLs of 4 ng/L and MCLGs (maximum contaminant
level goal) of zero for PFOA and PFOS. MCLGs are non-enforceable
health goals established to protect vulnerable subpopulations irre-
spective of treatment technology, cost, and limits of detection. Further,
any contaminant considered a likely or known carcinogen receives an
MCLG of zero (U.S. Environmental Protection Agency, 2023b). A hazard
index approach was also proposed to regulate PFHxS, GenX, PFNA, and
PFBS. This approach considers the health-based values for PFHxS (9 ng/
L), GenX (10 ng/L), PFNA (10 ng/L), and PFBS (2000 ng/L) to determine
if the combined individual hazard quotient values pose a potential risk
(U.S. Environmental Protection Agency, 2023b; U.S. Environmental
Protection Agency, 2020). Significant shifts in guidelines to be more
stringent are due primarily to improved information on potential health
effects and exposure of sensitive subgroups such as infants through
drinking-water (Post, 2021) indicating the need for more robust regional
and national assessments of drinking-water with an emphasis on
downstream exposure at the point-of-use especially as new proposed
MCLs are promulgated in the US.

The U.S. Geological Survey (USGS) has been conducting ongoing
national research on the potential for human exposures (both home and
workplace) from natural and man-made tapwater contaminants,
including PFAS (Bradley et al., 2020; Bradley et al., 2018; Bradley et al.,
2023a; Bradley et al.,, 2021a; Bradley et al., 2021b; Bradley et al.,
2023b). To better understand human exposure to PFAS at the point-of-
use, we conducted a standardized analytical survey of PFAS nationally
using a network of volunteers and combined this new data with tapwater
samples collected previously by our research team to maintain consis-
tency in data collection/processing. The overall objectives of the study
were to (1) directly compare PFAS exposure in regulated public-supply
tapwater to tapwater from unregulated private-wells, (2) provide in-
formation on potential aggregated human-health effects of PFAS using
health-based screening tools, and (3) identify potential landscape-scale
drivers of PFAS contamination in tapwater.

2. Material and methods
2.1. Site selection and sample collection

This nationwide pilot assessment included 716 tapwater samples
collected from residences, businesses, and drinking-water treatment
plants across the US (Figure S1) from 2016 to 2021. Of these, 409 tap-
water samples were collected at the point-of-use in 2021 from 155 un-
regulated private-well and 252 regulated public-supply locations in all
50 states, the District of Columbia, Puerto Rico, and the US Virgin
Islands (Fig. 1, Figure S1) using a network of volunteers. Sampling lo-
cations were selected based on a presumptive-impact gradient approach
wherein we identified locations in low (leveraged National Park Ser-
vice/US Fish and Wildlife Service colleagues/sites), median (general
outreach to colleagues and community volunteers, etc.), and high (tar-
geted samples near reported PFAS sources based on geospatial infor-
mation) human-impacted areas. Three locations (2 private-wells and 1
public-supply) were also sampled repeatedly (0, 0.5, 6, 12 and 24 h
on day 1, daily for 7 days and then at least weekly for up to 2 months) to
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Fig. 1. Per- and polyfluoroalkyl substances (PFAS) detections in point-of-use tapwater collected from public-supply (blue circles) and private-wells (green triangles)
across the United States including Puerto Rico and the U.S Virgin Islands. Samples with no detections are represented by open circles (public-supply) and triangles
(private-wells). Tapwater samples were collected from 716 locations from 2016 to 2021. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

assess temporal changes in PFAS concentrations and profiles. Each
volunteer was shipped a small cooler containing detailed instructions,
and sampling supplies (gloves, two sets of three 2-mL polypropylene
centrifuge tubes, and an ice pack). Instructions directed participants to
rinse each tube three times, then fill half full, cap and chill until ship-
ment. Samples were collected one time between July and December
2021 with sampling times varying throughout the day and without
precleaning, screen removal or flushing of the sample tap. We requested
samples from households without point of entry treatment and from
faucets without a point-of-use treatment system (note, 1 location re-
ported treatment after the sample was collected). All samples (three
centrifuge tubes per sample) were collected in duplicate, and one set was
frozen for archival.

PFAS data from an additional 307 tapwater samples (112 private-
wells and 195 public-supply) collected as part of the USGS point-of-
use tapwater research effort between 2016 and 2021 were also
included herein (Table S1). USGS point-of-use tapwater research is
conducted modularly with individual community-based studies
(designed to address community priorities and support public-health
decisions by individuals, communities, and public-health agencies)
informing a national perspective in aggregate. Tapwater sampled in
2016 were collected in three 15-mL Falcon tubes, shipped on ice to the
EPA National Exposure Research Laboratory (NERL) and extracted onto
a solid phase extraction cartridge (SPE) prior to analysis based on
methods described previously (Romanok et al., 2018c; Strynar, 2017;
Strynar et al., 2015). Tapwater sampled 2017-2018 were collected in

15-mL Falcon tubes and shipped on ice to the Colorado School of Mines
(CSM) laboratory where they were prepared for analysis based on pre-
viously published methods (Murray et al., 2019). All tapwater samples
collected 2019-2021 were sent to the USGS National Water Quality
Laboratory (NWQL) in three 2-mL polypropylene centrifuge tubes that
had been rinsed three times prior to sampling, placed in a whirl pack bag
and shipped on ice to the laboratory where they were stored frozen prior
to analysis (Kolpin et al., 2021; Romanok et al., 2018c). Detailed in-
formation on previous study designs, site selection and sample collection
are provided elsewhere (Bradley et al., 2020; Bradley et al., 2018;
Bradley et al., 2021b; Bradley et al., 2022; Romanok et al., 2018c.

2.2. Analytical methods and quality assurance

Across all studies, PFAS were analyzed by three different labora-
tories: 1) EPA National Exposure Research Laboratory (NERL, 1 study,
26 samples) in 2016, 2) Colorado School of Mines (CSM, 3 studies, 82
samples) in 2017-2018, and 3) USGS National Water Quality Laboratory
(NWQL, 6 studies, 608 samples) in 2019-2021, using previously pub-
lished methods (Supplemental Information; Tables S1-S2). Potential
effects (e.g., bias) associated with the use of different laboratories with
varying detection limits and number/types of PFAS analyzed was
addressed during statistical analysis.

The EPA NERL (Strynar, 2017; Strynar et al., 2015) method included
the analysis of 10 PFAS that were first extracted onto a solid phase
extraction (SPE) cartridge, eluted with methanol/ammonia solution and
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analyzed by ultra-high performance liquid chromatography (UPLC)-
tandem mass spectrometry (MS/MS) operated in negative electrospray
ionization (ESI) mode. The CSM method (Murray et al., 2019) included
the analysis of 28 and 44 PFAS (Tables S2 and S3) using liquid chro-
matography quadrupole time-of-flight mass spectrometry (LC-QToF-
MS) in negative electrospray ionization (ESI-) mode. The USGS method
(Kolpin et al., 2021) included the analysis of 34 total PFAS (including
PFOS and PFHXxS reported separately as branched and linear) by matrix-
modified samples and direct aqueous injection-liquid chromatography/
tandem mass spectrometry (DAI-LC/MS/MS) with isotope-dilution
quantification. Data were acquired in dynamic multiple reaction moni-
toring (AMRM) mode with two transitions per analyte for confirmation
(except for PFBA and PFPeA that only had one confirming ion).

Method detection limits ranged from 0.1 to 61.8 ng/L depending on
compound and laboratory (Table S3). Known bias associated with the
variability in laboratory detection limits was accounted for in the se-
lection of statistical models. Quantitative (>limit of quantitation (LOQ))
and semi-quantitative (between LOQ and long-term method detection
limit, LMDL) results were treated as detections. Quality-assurance/
quality-control included analyses of field blanks and stable isotope
surrogates. The median surrogate recovery for PFAS across all studies
and laboratories was 103% (interquartile range (IQR): 93-116%) and
the median matrix spike recovery (N = 84) was 107% (IQR: 96-117%).
For detailed information on PFAS recoveries by individual and study see
Table S1 for links to all available data. Field blanks from the nine in-
dividual studies conducted 2016-2021 are detailed in the supporting
information section and elsewhere (Bradley et al., 2020; Bradley et al.,
2018; Bradley et al., 2023a; Bradley et al., 2021a; Bradley et al., 2021b;
Bradley et al., 2022; Romanok and Bradley, 2021; Romanok and Brad-
ley, 2018; Meppelink et al., 2022; Romanok et al., 2019; Romanok et al.,
2018a; Romanok et al., 2018b; Romanok et al., 2023b; Romanok et al.,
2023a; Romanok et al., 2022). For the new samples collected by our
volunteer network, field blanks were collected by 47 volunteers selected
at random from 37 states in 2021. PFBA was the only PFAS detected (one
blank sample, 72.3 ng/L), resulting in the censoring of one value (52.1
ng/L) from the associated environmental sample (Romanok et al.,
2023c).

2.3. Geospatial analysis

The geospatial analysis joined the 716 sample site locations with
numerous geospatial layers and rasters to provide more detailed infor-
mation regarding each sample site (Seawolf et al., 2023). The datasets
included: sources listed in the EPA ECHO (Enforcement and Compliance
History Online) Database as potential PFAS environmental release sites
including broad categories such as airports, industry, waste manage-
ment, oil and gas, and department of defense; land-use classes from both
the National Land Cover Database (NLCD) and Coastal Change Analysis
Program (C-CAP) (Seawolf et al., 2023; Multi-Resolution Land Charac-
teristics Consortium, 2011; National Oceanic and Atmospheric Admin-
istration, 2022). A five-km spatial buffer was established around each
sample site as a means of capturing the number of PFAS in close prox-
imity to the sampling location and to calculate an average distance to
source. Within that buffer each sample site was joined with proximal
PFAS sources identified from the EPA ECHO dataset. This join resulted,
for many sites included, in multiple potential PFAS sources proximal to
each sample site.

We also performed a spatial analysis of the NLCD and C-CAP datasets
around each sample site, collecting land use data within the five-km
buffer. NLCD data from 2011 was used for both the continental US
and Alaska. C-CAP data was available for the Hawaiian Islands. For the
island of Hawaii, Maui, and Kuai we used C-CAP data from 2010. For the
island of Oahu, C-CAP data from 2011 was used. C-CAP data from 2010
was used for the island of Puerto Rico and for the island of St. Thomas, C-
CAP data from 2012 was used. Merging the C-CAP dataset with NLCD
was not problematic. We followed the convention outlined in Table S4 to
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convert C-CAP classes to NLCD classes.
2.4. Statistical analysis

Three different Bayesian hierarchical statistical modeling ap-
proaches — employing different distributional assumptions — were used
to accommodate the unique aspects of the three primary goals of the
analysis. The modeling approaches included (1) a hierarchical regres-
sion model to accommodate left-censored observations (observations
below detection limits) for individual PFAS (Qian et al., 2004; Wu et al.,
2011); (2) a hierarchical Tweedie compound Poisson linear model to
model the total PFAS data, which included skewed continuous obser-
vations of total PFAS concentrations and many sites with no PFAS de-
tections (i.e., there is zero inflation); and (3) a hierarchical negative
binomial regression to model the number of compounds detected at each
site. Each of these three modeling approaches are discussed in more
detail below and in the Supplemental Information section 1.2.

The Bayesian hierarchical approach to accommodating left-censored
data that we employ is robust, and simulation studies have shown it
performs well for recovering true contaminant distributions and can
handle relatively high proportions of left-censored observations in the
dataset (Qian et al., 2004; Stow et al., 2018). For each modeling
approach, we fitted two models, a source model that evaluated potential
differences between tapwater sources (private or public) and a geo-
spatial model, in which some of the landscape properties hypothesized
to influence PFAS concentrations and occurrence were included as
predictor variables. For the source model, tapwater source was included
as an indicator variable, with public-supply tapwater as the reference
cell. For the geospatial models, we included those predictors that were
not highly correlated with one another (r < 0.60). The final set of geo-
spatial predictors included the proportion of total developed land,
developed open land, cultivated agricultural land, and pasture agricul-
tural land, along with the average distance to the nearest EPA ECHO site.
All predictor variables were standardized (mean = 0, standard devia-
tion = 1) prior to analysis. Because land use geospatial variables were
highly skewed, they were logit-transformed prior to standardization. For
individual PFAS analysis, we limited statistical analysis to those com-
pounds that were measured above their respective detection limits in at
least 5% of sites, resulting in inclusion of 8 compounds (PFBA, PFBS,
PFHxA, PFHxS, PFOA, PFOS, PFPeA, PFPeS). We chose 5% of the sites as
a cutoff because this provided enough observations that were recorded
above the detection limit to allow for meaningful inferences of estimated
parameters (i.e., lower than 5% resulted in very little information on
concentrations above the detection limit to inform parameter estimates).
The study, from which data were collected was included as a random
effect in all models. All estimated parameters are reported using the
posterior mean and 95% credible intervals (CRIs). The code for Bayesian
model fitting and posterior inference is available at https://doi.
org/10.5066/POMCYEVS.

2.5. Screening-level assessment

A screening-level assessment (Goumenou and Tsatsakis, 2019; U.S.
Environmental Protection Agency, 2011) of potential cumulative bio-
logical activity of available individual PFAS in each tapwater sample
was conducted using two analogous bioactivity-weighted approaches
(Zear, Z1Q) as described previously (Blackwell et al., 2017; Bradley
et al., 2019; Bradley et al., 2018). The EAR approach is a considered a
high-level screening of the potential for molecular-scale vertebrate ef-
fects to complement the Hazard Index (i.e., TQ) approach. The ToxCast
vertebrate-centric in vitro effects library was specifically assembled to
inform the potential for human biological effects (Blackwell et al.,
2017). The ToxEval version 1.3.0 (De Cicco et al., 2018) was used to sum
(non-interactive, concentration addition model, e.g., (Altenburger et al.,
2018; Cedergreen et al., 2008; Stalter et al., 2020)) individual exposure
activity ratios (EAR) from the Toxicity ForeCaster (ToxCast, high-
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throughput screening data (U.S. Environmental Protection Agency,
2022c¢) to estimate sample-specific cumulative EAR (3 EAR) (Blackwell
et al., 2017; Bradley et al., 2018). EAR is the ratio of the detected con-
centration in the sample to the activity concentration at cutoff (ACC)
obtained from the ToxCast database. The ACC estimates the point of
departure concentration at which a defined threshold of response (cut-
off) is achieved for a given biological activity and is less prone to vio-
lations of relative potency assumptions (Blackwell et al., 2017). ACC
data in the ToxEval v1.3.0 employed in the present study were from the
August 2022 invitroDBv3.5 release of the ToxCast database including
updated bioactivity information for individual PFAS (U.S. Environ-
mental Protection Agency, 2022c). Non-specific-endpoint, baseline, and
unreliable response-curve assays were excluded (Blackwell et al., 2017;
Bradley et al., 2018). >"EAR results are summarized in Table S10.

Because the > EAR approach was limited to 11 individual PFAS in
ToxCast, an analogous human-health-based assessment (Goumenou and
Tsatsakis, 2019; U.S. Environmental Protection Agency, 2012; U.S.
Environmental Protection Agency, 2011) using available federal, state
or international human-health benchmarks for 15 individual PFAS was
also conducted to sum the toxicity quotient (TQ; ratio of detected con-
centration to corresponding health-based benchmark) of individual
detections to estimate sample-specific cumulative TQ (> TQ) (Corsi
et al., 2019). A precautionary screening-level approach was employed
based on the most protective human-health benchmark (i.e., lowest
benchmark concentration) available (Interstate Technology Regulatory
Council, 2022). > TQ results and respective health-based benchmarks
are summarized in Tables S10 and S5, respectively. Screening assess-
ments were conducted in the program R version 3.6.1 (R Development
Core Team, 2019). Differences (centroids and dispersions) among sam-
ple types (private-wells and public-supply) for Xpar and Zrg were
assessed by one-way PERMANOVA (n = 9999 permutations) on
Euclidean distance (Hammer et al., 2001).

3. Results and discussion
3.1. Spatial and temporal assessments of PFAS exposure in tapwater

In the US and globally, limited information is available on PFAS in
point-of-use tapwater, with most drinking-water studies focused on
samples from source waters (MicMahon et al., 2022; Sims et al., 2022) or
pre-distribution samples from community water supplies (Andrews and
Naidenko, 2020; Hu et al., 2016; Kurwadkar et al., 2022; Li et al., 2022;
McMahon et al., 2022; Neuwald et al., 2022; Post et al., 2013), largely
omitting distribution system factors (e.g., plumbing material with PFAS
or sorption/degradation in the supply network; (Mohammadi et al.,
2022) and a notable paucity of data available for private-wells across the
US. To address this gap, we utilized targeted analysis of up to 44 PFAS in
point-of-use tapwater from 269 private-wells and 447 public-supply
collected 2016-2021 as fractional indicators of the presumptive 8000
+ PFAS contaminant (U.S. Environmental Protection Agency, 2022a)
(Fig. 1, Figure S1, Table S1). Consistent with other studies and large
datasets focused on public—supply tapwater (Hu et al., 2016; Li et al.,
2022; McMahon et al., 2022; Post et al., 2013), at least one PFAS was
observed in 30% (237 of the 716) of the tapwater samples collected
throughout the US (Fig. 1, Figure S2). Based on data from the UCMR3,
about 4% of US drinking-water treatment plants tested had detectable
PFAS but the breadth of contamination was likely missed due to high
detection limits (10-90 ng/L depending on individual PFAS) and a
limited number of PFAS analyzed (Hu et al., 2016). More recently,
assuming lower detection limits, Andrews and Naidenko (2020) esti-
mated that approximately half the US population likely receive water
with PFOA/PFOS concentrations<1 ng/L, but this information has yet to
be validated fully with field data particularly at the point-of-use. In our
study, seventeen PFAS were detected at least once and, apart from
perfluoropropane sulfonic acid (PFPrS), all detected PFAS were
analyzed in > 600 samples (Table S2). Reporting limits for the PFAS
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observed in the current study varied by laboratory and ranged from 0.1
to 20 ng/L (Table S3). The most frequently detected PFAS analyzed by
all laboratories included PFBS (16%), PFHxS (15%), and PFOA (14%),
similar to results reported by others for drinking-water resources (sur-
face water intakes or groundwater wells) or community water supplies
(Andrews and Naidenko, 2020; Boone et al., 2019; McMahon et al.,
2022; Post et al., 2013; Teymoorian et al., 2023). The number of indi-
vidual PFAS observed ranged from one to nine (median of two) with
detected concentrations ranging from 0.025 to 319 ng/L (median: 2.88
ng/L) and corresponding cumulative PFAS concentrations (sum of 16
detected PFAS) ranging from 0.348 to 346 ng/L (median: 7.00 ng/L;
Table S10). As expected, sites classified as ‘low’ impact had the lowest
prevalence of PFAS compared to sites near known PFAS sources,
whereas PFAS varied widely among sites classified as ‘medium.’.

At least one PFAS was detected in 20% of private-well (55/269) and
40% of the public-supply (182/447) samples collected throughout the
US. A similar pattern was reported in groundwater from the eastern US,
in which 60% of the public-supply wells and 20% of monitoring wells
contained at least one PFAS (McMahon et al., 2022). Median cumulative
PFAS concentrations (estimated considering detection limits and
including study as a random effect) were comparable between public-
supply (median = 7.1 ng/L [95% CRI = 2.3, 17.1]) and private-well
point-of-use tapwater (median = 8.2 ng/L [95% CRI = 2.6, 20.5];
Fig. 2). Similarly, considering only PFAS with > 5% detections, we
observed no differences in estimated median concentrations of indi-
vidual PFAS or in the number of detected individual PFAS between
public-supply and private-well point-of-use tapwater samples (Fig. 2,
Tables S7-8). We chose 5% as a cutoff because this provided enough
observations above the detection limit to allow for meaningful in-
ferences of estimated parameters. Based on model predictions
(Figure S3), the probability of not detecting PFAS above our detection
limits ranged from approximately 25% in urban centers (e.g., Chicago)
or areas with a known history of PFAS contamination (e.g., Cape Cod
(Bradley et al., 2021a)) to > 75% in rural areas (e.g., Northern Plains
(Bradley et al., 2022)). Figure S3 illustrates the spatial (among-study)
variability that exists in PFAS occurrence (and concentration, not
shown) quantified by the study random effect included in all models to
account for variability in detection limits and the difference in numbers
of PFAS included in each method (Tables S7-8, S10-11). Across all
studies, the probability of detecting one PFAS was approximately 18%,
with a marked decrease in probability with increasing number of
detected compounds; no differences were observed between public-
supply and private-well samples (Fig. 3).

Due in large part to funding constraints and prioritization of
population-relevant reconnaissance of a range of exposure points within
a given community, point-of-use tapwater exposure studies conducted to
date (Bradley et al., 2020; Bradley et al., 2018; Bradley et al., 2023a;
Bradley et al., 2021a; Bradley et al., 2021b; Bradley et al., 2023b)
typically have employed a one-time spatial-synoptic approach, which
provides limited to no insight into point-of-use tapwater temporal
variability. To address this data gap, PFAS samples were collected
temporally at 3 of the residential locations (2 private-wells, 1 public-
supply). The rural, private-well location in South Carolina had no
PFAS detected during three months of sampling. PFAS were detected at
the suburban public-supply and private-well locations in New Jersey,
and cumulative detected concentrations were generally stable (hourly
increasing to weekly samples) over 3 months (Figures S4, S5). In light of
the near-detection-limit concentrations of several individual PFAS de-
tections, the observed variabilities in detections of some individual PFAS
and in per-sample cumulative PFAS detections (Figure S4) were likely
due more to method-sensitivity limitations (Teymoorian et al., 2023)
than to short-term changes in drinking-water resources. New Jersey
(NJ), one of the more proactive states regarding PFAS regulation, has
established enforceable NJ-MCLs for three PFAS including PFOA (14 ng/
L), PFNA (13 ng/L) and PFOS (13 ng/L) (New Jersey Department of
Environmental Protection, 2022a) and has added PFOA, PFOS and PFNA
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Fig. 2. Estimated median concentrations (ng/L) of select per- and polyfluoroalkyl substances (PFAS) and cumulative PFAS in private-wells and public-supply
samples. Circles are posterior means and horizontal lines are 95% credible intervals.

to the Private-well Testing Act, which requires homeowners to test
potable wells prior to sale and landlords to test their well water and
report results to the tenant once every five years (New Jersey Depart-
ment of Environmental Protection, 2022b). None of the detections in
either location exceeded NJ-MCLs. These results further support the
need for continued monitoring of PFAS in point-of-use tapwater from
residential private-wells as well as for continued temporal assessments
to accurately assess PFAS exposures at the point-of-use more broadly.

3.2. Comparison to proposed US drinking water regulations

Newly proposed MCLs for PFOA (4 ng/L) and PFOS (4 ng/L) were
released in March 2023 by EPA as part of the National Primary Drinking-
water Standards Rule (U.S. Environmental Protection Agency, 2023b).
The proposed MCL for PFOS was below the reporting limit for two of the
three laboratories (CSM:1.3 ng/L, NERL: 5.0 ng/L and USGS: 7.4 ng/L;
Table S3) used during this study; consequently, our estimates of samples
exceeding the proposed MCL should be considered conservative. The
reporting limit for PFOA was above the proposed MCL for only one
laboratory (CSM: 1.3 ng/L, NERL: 5 ng/L, USGS: 2.0 ng/L; Table S3) in
which the least number of samples were analyzed (26/716; Table S1).
Proposed MCLs for PFOA and PFOS were exceeded in 6.7% and 4.2%,
respectively, of all tapwater samples collected but were exceeded in 48%
(48 of 99) and 70% (30 of 43), respectively, of tapwater samples when
detected. Further, proposed MCLs for PFOA and PFOS were exceeded in
63% and 67%, respectively of the private-well tapwater samples and in

44% and 77%, respectively of the public-supply tapwater samples, when
detected. The proposed MCLG (zero) (U.S. Environmental Protection
Agency, 2023b) was de facto exceeded in every sample in which PFOS
and PFOA was detected (private-well: 15 and 24, respectively; public-
supply: 28 and 75, respectively). Further, to account for dose additive
noncancer effects of PFBS, PFNA, PFHxS, GenX, EPA proposed an MCL
for the mixture of these four PFAS based on a hazard index approach (U.
S. Environmental Protection Agency, 2020). The proposed hazard index
of 1 for the sum of the toxicity quotient (measured concentration/
health-based value) for PFBS + PFNA + PFHxS + GenX was exceeded
in 4.6% of tapwater collected.

3.3. Aggregated screening-level assessments

We also used two bioactivity weighted screening approaches Zgar
and Z1q to provide insight into the potential aggregated (sum of all
PFAS) effects. These approaches are limited by the availability of
weighting factors (ToxCast ACC and health-based benchmarks, respec-
tively) and mixture effects are estimated by assuming concentration
addition (Cedergreen, 2014). The Zgar approach has been used effec-
tively in other studies as a protective (conservative) screening tool to
asses drinking-water exposure risk to organic contaminant mixtures
because it leverages response relations for>9000 organic chemicals
across over 1000 standardized vertebrate cell lines (Kavlock et al., 2012;
Kavlock et al., 2008; Richard et al., 2016). Contaminant bioactivity ra-
tios were aggregated across all ToxCast endpoints available for
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Fig. 3. The predicted posterior probability of detecting 1 — 10 per- and polyfluoroalkyl substances (PFAS) in private-well and public water-supply tapwater.

individual PFAS without restriction to recognized modes of action to
provide a precautionary lower-bound estimate of in vivo adverse-effect
levels (Paul Friedman et al., 2020), however, this approach may not
accurately reflect apical effects (Blackwell et al., 2017; Schroeder et al.,
2016). Further, for PFAS, the approach has the potential to underesti-
mate exposure risk because only 11 of the detected compounds had
exact Chemical Abstract Services number matches in the ToxCast™
database and only six (PFOS, PFOA, PFNA, PFHpA, PFBA, PFHxS) of
these had EAR exceeding our lowest threshold for consideration
(>0.00001). The > g approach targets apical human-health effects, is
notably constrained to recognized (i.e., benchmarked) health concerns
and was used herein to estimate cumulative effects from a broader suite
of PFAS (15 with established health-based benchmarks; Table S5)
(Interstate Technology Regulatory Council, 2022). Lastly, it is important
to note, the EAR approach is based on measured endpoint-specific ac-
tivity cutoff concentrations, whereas the human-health benchmarks
used in the TQ approach generally include a margin of safety (margin of
exposure).

None of the samples exceeded a Zgag > 1, a value which indicates
cumulative exposure at concentrations capable of modulating molecular
endpoints in vitro, and we observed no systematic differences in Zgar
between private-well and public—supply locations (Fig. 4). However, 65
tapwater samples exceeded the Zpag = 0.001 precautionary screening
level of potential concern (yellow line, Fig. 4; Table S10) for molecular
effects described previously (Bradley et al., 2018). For PFAS and PFOA,
which proposed MCLGs of zero, EPA’s interim health advisory levels
released in 2022 (U.S. Environmental Protection Agency, 2022a) were
used as the benchmark value (Table S5). g values were higher in
private-well tapwater samples compared to public-supply (p = 0.0015),

and 124 samples overall had Zrq > 1 (Fig. 4, Table S10), indicating a
high probability of aggregated risk when considering exposures to all
observed PFAS with an available benchmark. As expected, given their
proposed MCLG of zero (U.S. Environmental Protection Agency, 2023b),
Z1q results were driven by PFOA and PFOS, when detected. Simulta-
neous detection of multiple PFAS is consistent with other drinking-water
(Andrews and Naidenko, 2020; Boone et al., 2019; Hu et al., 2016) and
tapwater studies (Bradley et al., 2020; Bradley et al., 2018; Bradley
et al., 2021b) in the US. The results of precautionary Zgar and Xrq as-
sessments by this group indicate that the potential for human-health
effects from contaminant exposures (including PFAS) through
drinking-water are common and comparable in private-well and public-
supply tapwater (Bradley et al., 2020; Bradley et al., 2018; Bradley et al.,
2021a). Information generated by this study and elsewhere indicates the
need for further assessments of cumulative health exposure risks of PFAS
mixtures (Kwiatkowski et al., 2020) and of PFAS in combination with
other organic and inorganic contaminants of concern, particularly in
unmonitored/unregulated private-wells where information is limited or
not available.

3.4. Predicting exposure based on potential sources and land-use

The final model comparing tapwater PFAS concentrations to geo-
spatial drivers included median distance to potential source (including
airport, industry, waste management, oil and gas, and department of
defense) and several land-use classifications (total developed, open
developed, cultivated and pasture agriculture). The number of PFAS
sources in a 5-km buffer around each site was highly correlated with
developed land-use (r = 0.66) and was excluded from the model.
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detected in tapwater collected from public-supply and private-wells. Solid red and yellow lines indicate concentrations shown to modulate effects in vitro and effects-
screening-level thresholds (EAR = 1 and EAR = 0.001), respectively. Right. Human-health benchmark cumulative toxicity quotient (XTQ) for 15 PFAS listed in
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Cumulative PFAS concentrations and the number of detected com-
pounds increased with surrounding developed-land and decreased with
increasing distance from probable source(s) (Fig. 5, Figure S6,
Tables S10-11). However, for individual PFAS the distance to probable
source(s) was not a strong predictor of concentration (Figure S7,
Table S8). PFBS was the only PFAS which exhibited a positive relation
with development and pasture agriculture and a negative relation with
open development (commonly includes large-lot single-family housing
units, parks, golf courses, and vegetation planted in developed settings
for recreation, erosion control, or aesthetic purposes). Although bio-
solids application is a recognized source of PFAS to surface- and
groundwaters in agricultural landscapes (Munoz et al., 2022; Sepulvado
et al., 2011), in this study concentrations of PFBS, PFHxA, PFHxS, PFOA
and PFOS decreased with increasing surrounding cultivated cropland.
Further, for several compounds (PFBA, PFHxA, PFHxS and PFOA),
concentrations decreased with increasing development, an unexpected
result which suggests that point-of-use tapwater exposure to individual
PFAS in our study is more closely associated with the type of PFAS
sources (e.g., industry, airport, wastewater, etc., which are generally
located at the edge of urban development and not in the highest
residentially-developed areas) (Hu et al., 2016) rather than numbers of
potential PFAS sources (Salvatore et al., 2022). Because our geospatial
analysis was constrained to broad putative-source categories (e.g., mil-
itary fire training areas, industrial, wastewater) and 90% of the

corresponding potential sources were characterized as industrial,
exploration of source-type/point-of-use tapwater exposure relationships
was limited and merits further investigation. Further, most public-
supply samples were collected at the tap not the treatment facility,
indicating a distinct disconnect from PFAS source and drinking water
resource. Despite these limitations, the real-world point-of-use tapwater
PFAS concentration data compiled herein along a national gradient of
presumptive contamination represents an important validation dataset
to assess and tune putative-source PFAS contamination models, like that
presented recently (Salvatore et al., 2022).

3.5. Implications and future directions

Approximately 40 million people in the US rely on private-wells for
drinking-water (DeSimone et al., 2015; Dieter et al., 2018), most na-
tional testing programs, like the UCMR3 focused on community water
supplies serving > 10,000 consumers, do not include private-wells and
rarely capture information from rural communities (52 million people
rely on small water supplies serving < 10,000), indicating data on PFAS
exposure and potential human-health effects is does not exist for over
one-third of the US population (Hu et al., 2016). As noted previously,
small public supplies and private-wells may be disproportionally
affected by PFAS, emphasizing the value of studies like these focused
broadly on point-of-use tapwater PFAS exposures, with an emphasis on
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Fig. 5. Estimated effects of geospatial predictor variables on cumulative per- and polyfluoroalkyl substances (PFAS) concentrations. Circles are posterior means and
horizontal lines are 95% credible intervals. Geospatial predictors with 95% credible intervals that overlap with zero are not considered statistically significant.

comparing exposures in private-wells with those directly from public-
supply using similar sampling/analytical methods. Some of these gaps
associated with PFAS in small community public supply facilities may be
addressed by the UCMRS, currently underway in the US and expected to
provide extensive information on PFAS in US drinking water for public-
supply consumers in the next few years (U.S. Environmental Protection
Agency, 2023a).

Modeled results indicate that on average at least one PFAS is
detected in about 45% of US drinking-water samples. Results also
indicate that 1) detection probabilities vary spatially (8% in rural areas
up to > 70% in urban areas/areas with a known history of PFAS
contamination), 2) drinking-water exposures may be more common in
the Great Plains, Great Lakes, Eastern Seaboard, and Central/Southern
California regions, and 3) temporal variations in concentrations/de-
tections may be limited. Geospatial datasets and land-use information
were correlated with both cumulative PFAS concentrations, and the
number of PFAS detected; however, they were not often correlated with
specific PFAS profiles due to the limited number of individual PFAS
detected more than once using targeted approaches. Targeted PFAS
analytes are only a fractional indicator of the 8000 + potential PFAS and
the fraction of total organic fluorine captured by these targeted analyses
is typically low in surface water (D’Agostino and Mabury, 2017;
McDonough et al., 2019) and drinking-water (Jiao et al., 2022). Po-
tential detection of one or more PFAS in US drinking-water combined
with the paucity of information available on current use/ultra-short
chain compounds (Neuwald et al., 2022) supports the continued need
for point-of-use tapwater monitoring, with an emphasis on unmonitored

private-wells and underserved communities on small community water
supplies. To fully understand exposure and adequately determine risk to
human-health, continued emphasis should be placed on 1) integrating
geospatial datasets with PFAS data broadly to identify vulnerable re-
gions/subpopulations, 2) expanding monitoring to include rural small-
—system and private-well dependent communities, and 3) expanding
target and non-target analysis methods particularly in drinking-water
monitoring programs in the US and globally.
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